We investigated the role of Cu-Mg-Al mixed oxides in depolymerization of soda lignin in supercritical ethanol. A series of mixed oxides with varying Cu content and (Cu+Mg)/Al ratio were prepared. The optimum catalyst containing 20 wt% Cu and having a (Cu+Mg)/Al ratio of 4 yielded 36 wt% monomers without formation of char after reaction at 340 °C for 4 h.
% of the energy content depending on the source. 1 It is the only large volume renewable feedstock that comprises aromatics. 2 For this reason and also because of its richness in functional groups, 4 lignin is a potential resource for the production of renewable fuels and chemicals. In current practice, the energy content of lignin waste produced in the paper industry is recovered by combustion and used to supply the heat required for paper pulping. With the development of second-generation bioethanol processes, it is expected that the amount of available lignin will rapidly increase. 3 This will by and large exceed the demand in current niche applications such as vanillin production and for dispersing cement. Thus, it is desirable to develop efficient catalytic processes to valorize lignin.
A variety of chemical conversion approaches such as pyrolysis, hydrocracking, hydrogenolysis, oxidation and hydrolysis have already been explored in order to convert lignin into monomeric units such as aromatics. 4 Despite significant advances made in recent years, [5] [6] [7] [8] the selective conversion of lignin into small molecules remains a challenge. 9 This is mainly due to the recalcitrant nature and heterogeneous structure of lignin and also because the intermediates formed during its depolymerization are highly reactive, which leads to rapid repolymerization into heavier products than the starting lignin. 10, 11 Mechanistic studies have proven that repolymerization usually involves oxygenated species such as phenolic 12 and aldehyde intermediates. 10 To tackle these problems, Roberts et al. 13 explored the use of boric acid in combination with NaOH to protect the hydroxyl groups of phenolic fragments. Barta et al. 10 demonstrated a strategy to protect reactive aldehyde fragments by reacting them with ethylene glycol to form acetals. Another undesired pathway that lowers the yield of monomers is the cross-linking of lignin fragments with formaldehyde. 3, 14 Formaldehyde can be formed from lignin's native methoxy groups [15] [16] [17] as well as the γ-carbon of the alkyl side-chains in lignin. 14, 18 An approach to counter these reactions is the addition of phenol to the reaction mixture, which scavenges formaldehyde and, in this way, prevents repolymerization. 14, 19, 20 Also radical species and unsaturated Cα=Cβ side-chains were reported to play a role in repolymerization of lignin fragments. 12, 21 In this case, hydrogenation of the Cα=Cβ double bonds helps to reduce the negative effect of such radical reactions. 22 Reduction of oxygen functionalities also results in less reactive aromatic products such as benzene, toluene, and xylenes. 11, 23, 24 Hydrogenolysis of lignin has been most frequently discussed in the scientific literature in recent years. Typically, hydrogenolysis is carried out at relatively high hydrogen pressure; in some cases hydrogen donors are used as well such as formic acid, 25, 26 methanol, 6 ethanol 27, 28 and i-propanol 7, 29 . A variety of transition metals have been explored as catalysts for lignin depolymerization and the use of model compounds is often part of such investigations. Raney Ni catalyst was found to be useful in the hydrogenolysis of organosolv and Kraft lignins. 24, 30, 31 Wang 35 reported an alcoholysis-hydrogenolysis process, which yielded propylguaiacol and propylsyringol compounds in reasonable yield over a Ni/C catalyst in methanol. Ma et al. 28, 38 reported on the catalytic conversion of Kraft lignin in supercritical ethanol at 280 °C using an activated carbon supported α-MoC1-x catalyst. Ford and co-workers reported about a catalytic single-step deconstruction of lignin into cyclohexyl derivatives in supercritical methanol over a Cu-doped porous metal oxide catalyst at 300 °C. 29, 40 At lower temperatures (140-220 °C), mainly aromatics were formed in the presence of H2. 41 Recently, Sels presented a biorefinery process that selectively converts wood sawdust into a carbohydrate pulp and phenolic monomers-rich lignin oil in the presence of a Ru/C catalyst in methanol under H2 atmosphere. 42 Beckham reported a supported layered-double hydroxide (LDH) containing Ni as an active component for the depolymerization of lignin model compounds as well as lignin into alkylaromatics. 43 This study pointed out the promise of LDHs as catalytically active supports in multifunctional catalyst applications. In addition to these catalyst systems, others explored the combination of supported metal catalysts with homogeneous catalysts such as mineral and Lewis acids as well as bases such as Pt/Al2O3-H2SO4, 17 Ru/C-NaOH, 44 Ni/ZSM-5-NaOH, 45 and Pd/C-ZnCl2. 8 The addition of homogeneous acids or bases aids in the hydrolysis of the ether linkages to smaller fragments. 17, 44 The use of basic catalysts increases the solubility of lignin. 45, 46 Very recently, Abu-Omar 8 reported a synergistic Pd/C-ZnCl2 system that selectively converts lignin in woody biomass into methoxyphenols in methanol, leaving behind the carbohydrates as a solid residue.
Earlier, we have reported about a one-step lignin upgrading process in supercritical ethanol using a Cu-Mg-Al mixed oxide catalyst. 27, 47 This process allowed obtaining 23 wt% monomers without char formation after reaction at 300 °C for 8 h without using external hydrogen. 27 At higher temperature (380 °C), alkylated aromatic and cyclohexanes and cyclohexenes monomer yields in the range of 60-86 wt% were obtained from organosolv, soda and Kraft lignins. 47 The oxygen-free aromatics such as benzene, toluene, and xylene and other alkylated benzenes can be used to replace reformate or serve as base aromatic chemicals; the oxygenated aromatics are prospective fuel additives with low-sooting properties and also find application as building blocks for polymers. 44 In this work, we aim at understanding the roles of the various components of the Cu-Mg-Al mixed oxide catalyst for this lignin depolymerization process. In literature, most of the investigations have been exploratory in nature with relatively little attention for understanding the role of the catalyst in the complex conversion chemistry of lignin. Especially, fundamental understanding how particular functional properties of the catalyst affect the achievable yield and the product distribution deserve more attention, because it would allow predicting catalyst-solvent combinations for improved lignin conversion. Therefore, we follow up our earlier work on mixed Cu-Mg-Al oxide catalysts for lignin upgrading 27, 47 by varying the (Cu+Mg)/Al ratios and the Cu content in the hydrotalcites precursor and studying their influence on lignin conversion. XRD, N2 physisorption, ICP and CO2-TPD characterization were employed to investigate the physico-chemical properties of the materials. Catalyst performance data were obtained for soda lignin conversion in supercritical ethanol at 340 °C. 2D
Heteronuclear Single Quantum Coherence (HSQC) NMR spectroscopy and gel permeation chromatography (GPC) were applied to follow the structural changes of lignin. In addition to lignin products, the side-products derived from ethanol conversion reactions were also analyzed.
Phenol was used as a model reactant to understand the role of acid and base sites in Guerbet, esterification and alkylation reactions. Our findings will be discussed with respect to the optimum catalyst for lignin depolymerization and strategies to control the product distribution.
EXPERIMENTAL SECTION

Chemicals and materials
Protobind 1000 alkali lignin was purchased from GreenValue. This lignin was obtained by soda pulping of wheat straw (sulfur-free lignin with less than 4 wt% carbohydrates and less than 2 wt% ash). All commercial chemicals were analytical reagents and were used without further purification. Mg(NO3)2·6H2O, and 15.01 g Al(NO3)3·9 H2O were dissolved in 100 ml de-ionized water. This solution in parallel with 100 ml of a NaOH (9.60 g) solution were slowly added (1 drop/sec) through 100 ml dropping funnels to 250 ml of a Na2CO3 (5.09 g) solution in a 1000 ml flask at 60 °C under vigorous stirring, whilst keeping the pH of the slurry at 9.5-10. When addition was complete after ca. 45 min, the milk-like light-blue slurry was aged at 60 °C under stirring for 24 h. The precipitate was filtered and washed with distilled water until the filtrate reached a pH of 7.
Catalyst preparation
The solid was dried overnight at 105 °C and grinded and sieved to a particle size below 125 μm.
The hydrotalcite precursor was calcined at a heating rate of 2 °C/min from 40 °C to 460 °C and kept at this temperature for 6 h in static air. The Cu20MgO sample was prepared by coprecipitation in the following way: 30.31g Mg(NO3)2·6H2O and 4.65 g Cu(NO3)2·2.5 H2O were dissolved in a 150 ml de-ionized water. This solution in parallel with a 150 ml Na2CO3 (15.90 g) solution were slowly added in 250 ml de-ionized water in a 1000 ml flask. The pH of the slurry was kept at 8.5 under vigorous stirring at 60 °C for 3 h. The resulting precipitate was thoroughly washed with de-ionized water, dried overnight at 105 °C and calcined at 460 °C for 6 h in air.
The Cu20/γ-Al2O3 catalyst was prepared by incipient wetness impregnation using Cu(NO3)2·2.5
H2O precursor and a commercial γ-Al2O3 support (Ketjen CK 300).
Catalyst characterization
Powder X-ray diffraction (XRD) was measured on a Bruker Endeavour D4 with Cu Kα radiation (40 kV and 30 mA). They were recorded with 0.02° steps over the 5-80° angular range with 0.2 s counting time per step. N2 physisorption was measured on a Tristar 3000 system. The samples were degassed at 300 °C for 5 h prior to measurements. The metal content of the catalysts was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) on a Spectro Ciros CCD ICP optical emission spectrometer with axial plasma viewing. All the samples were dissolved in an equivolumetric mixture of H2O and H2SO4.
Temperature programmed desorption of CO2 (CO2-TPD) was carried out in a home-built reactor system coupled to a mass spectrometer. After pretreatment at 460 °C for 1 h in a flow of 50 mL/min He, the sample (50 mg) was cooled to 100 °C and exposed to CO2 (25 vol% in He) for 0.5 h. After sweeping with He for 1 h to remove physisorbed CO2, the temperature was increased linearly at a rate of 10 °C/min in He and the signal of CO2 (M/e = 44) was recorded by online mass spectrometry (quadrupole mass spectrometer, Balzers Omnistar). The amount of CO2 was quantified by a calibration curve, which was established by thermal decomposition of known amounts of NaHCO3.
Catalytic activity measurements
The catalytic conversion of lignin and phenol were carried out in 100 ml stainless-steel highpressure autoclaves (Parr Instrument Company). Typically, the autoclave was charged with a suspension of 0.5 g catalyst and 1.0 g feedstock (lignin or phenol) in 40 ml ethanol. The reactor was sealed and purged with nitrogen several times to remove oxygen. After leak testing, the pressure was increased to 10 bar with nitrogen and the reaction mixture was heated to 340 °C under continuous stirring at 500 rpm within 1 h. After the reaction, the heating oven was removed, and the reactor was allowed to cool to room temperature. A work-up procedure was developed to distinguish light (THF-soluble) lignin fragments and heavy (THF-insoluble) lignin fragments (THF = tetrahydrofuran) and char. A detailed description of this work-up procedure can be found in our previous report. were used for these four groups related to n-dodecane as the internal standard. The yields of lignin residue, monomers and char were calculated by using Equation (1) In order to estimate the yield of ethanol conversion products, the effective carbon number (ECN) was used to determine the relative response factors of the compounds related to ndodecane as the internal standard. 48 The gaseous products were analyzed with an Interscience Compact GC system, equipped with a Molsieve 5 Å and Porabond Q column each with a thermal conductivity detector (TCD), and an Al2O3/KCl column with a flame ionization detector (FID). The identification and quantification of gaseous products were done by using a gas cylinder containing known quantity of standard gas mixture.
1 H-13 C HSQC NMR analysis
All NMR spectra were recorded using a VARIAN INOVA 500 MHz spectrometer equipped with a 5-mm ID AutoX ID PFG Probe. For the model compound sample, an aliquot of 1 ml solution was taken from the reaction mixture followed by removing the solvent by an air flow at room temperature. The resulting mixture was dissolved in 0.7 ml dimethylsulfoxide-d6 (DMSO- compounds, which contain the same functional groups (see Figure S1 ); the assignments beyond these standard compounds were made by use of the NMR prediction tool in ChemBioDraw Ultra 14.0.
Gel permeation chromatography (GPC)
GPC analyses were performed on a Shimadzu apparatus equipped with two columns connected in series (Mixed-C and Mixed-D, polymer Laboratories) and a UV-Vis detector at 254 nm. The column was calibrated with polystyrene standards. Analyses were carried out at 25 °C using THF as eluent with a flow rate of 1 ml/min. For the lignin residue analysis, the sample was prepared at a concentration of 2 mg/ml in THF. All the samples were filtered using 0.45 μm filter membrane prior to injection. Figure 1a shows the XRD patterns of the Cu20MgAl precursors. The patterns contain the characteristic diffraction peaks of the hydrotalcite structure. 49 The peaks become broader and less intense with increasing M 2+ /M 3+ ratio, which indicates that the crystallinity decreases with decreasing Al 3+ content. The Cu20LDH(6) hydrotalcite shows the lowest crystallinity and, likely, contains the largest amount of amorphous material. Figure 1b shows the XRD patterns of the mixed oxides obtained by calcination of the Cu20LDH(y) precursors at 460 °C for 6 h. All of the Cu20MgAl(y) samples have the MgO structure with Cu
2+
and Al 3+ cations dissolved in the lattice. 50 The Cu20/γ-Al2O3 sample prepared by impregnation shows diffraction features of the crystalline CuO phase as well as poorly crystallized γ-Al2O3. Figure S2 ). and H2O after calcination. The (Cu+Mg)/Al ratios are slightly higher than expected. CO2-TPD can be used to determine the number and strength of basic sites in mixed oxides obtained by calcination of hydrotalcites. 51, 52 The CO2-TPD profiles of the catalysts are shown in Figure 2 . In all cases, a broad desorption band is observed between 100 °C and 460 °C, which can be deconvoluted into three contributions at about 165 °C (weak basic strength), 200 °C (medium basic strength) and 255 °C (high basic strength). 52 The low temperature desorption peak corresponds to basic surface OH -groups. The medium temperature peak can be ascribed to
, Al 3+ -O 2-and Cu 2+ -O 2-acid-base pairs. The high temperature peak is usually attributed to the strong basic sites associated with low coordinated O 2-anions. 51, 52 The amount of CO2 desorbed represented by these features allows estimating the number of basic sites of the samples (Table 2) . We observe a small shift of the desorption peak towards higher temperature when the M 2+ /M 3+ ratio is increased from 2 to 4 ( Figure 2 ). In addition, the total amount of basic sites of these catalysts also increased (Table 2) We evaluated these samples as catalysts in the conversion of soda lignin in supercritical ethanol at a temperature of 340 °C and a reaction time of 4 h. We have chosen soda lignin, because it is one of the few commercially available lignins together with lignosulfonates and Kraft lignin. 53 Soda lignin is free from sulfur and relatively pure, which are ideal properties for the present detailed mechanistic study. The results of the reaction experiments with soda lignin are collected in Table 3 . As described earlier, lignin is partially depolymerized and the products are further converted by alkylation, hydrodeoxygenation and hydrogenation reactions. 27, 47 Ethanol acts as an efficient alkylation agent. At the same time, ethanol reacts itself to higher alcohols, esters, aldehydes, ethers and a small amount of hydrocarbons (Table S1 ). The ethanol conversion products were identified by carrying out the same reaction without lignin under similar conditions (Table S2 ). It was observed that molecules with hydrocarbon rings were derived from lignin and acyclic hydrocarbons stemmed from ethanol. As an example, for Cu20MgAl(4) about 84 lignin products and 48 ethanol-derived products were identified by GC-MS. Without catalyst, lignin was only partially depolymerized and the main product was char with only a small amount of monomers (Table S3) . 27 All the basic catalysts produce high yields of C4+ alcohols and esters (entries 2-6). These products are formed via Guerbet-type reactions as well as esterification reactions, which are all catalyzed by basic sites. 54 For example, when Cu20MgAl(4) was used as the catalyst (entry 4), 3214 mg of higher alcohols and 1069 mg of higher esters were obtained. The most significant products were 1-butanol, 2-buten-1-ol, 1-hexanol, ethyl acetate and acetaldehyde. Among the C4+ molecules, 1-butanol and ethyl acetate were dominant with selectivities of 47 wt% and 13 wt%, respectively. On contrary, with Cu20/γ-Al2O3 only comparatively small amounts of higher alcohols and esters were formed. The difference can be related to the low basicity of the alumina-supported Cu catalyst (Table 2) . In this experiment, the amount of C4+ ethers was high; about 81% of these ethers was diethyl ether. Diethyl ether is formed by dehydration of two ethanol molecules, which is typically catalyzed by acid sites as present on the surface of alumina. 51, 55 Comparison of the ethanol conversion products (Table 3) with the catalyst properties ( Table   2) shows a strong correlation between the basic sites and the overall yield of alcohols and esters.
The higher the basicity of the catalyst is, the higher the amount of alcohols and esters formed via Guerbet-type and esterification reactions. 54, 56 In addition to cyclic products obtained from lignin, the reaction mixture also contained THFsoluble LR, THF-insoluble LR and char. Figure S3 shows a typical GPC-derived molecularweight distribution of the P1000 lignin and the two different lignin residues obtained with Cu20MgAl(2) as the catalyst (Table S4 ). The weight-averaged molecular weight (Mw) of the THF-soluble fraction is 817 g/mol, which is lower than the THF-soluble fraction of P1000 lignin (Mw = 1104 g/mol). The THF-soluble LR represents fragments of lignin that have been depolymerized to lower molecular weight. 27 These fragments are extensively alkylated as reported earlier. 27 The THF-insoluble residue shows a broad peak at early elution times. The Mw of this residue is 8479 g/mol (Table S4) , much higher than that of the starting lignin. The heavier molecules originate from condensation reactions between lignin fragments. Finally, char is characterized by the fraction that is strongly adsorbed to the solid catalyst; it had the lowest H/C ratio of the different solid fractions. 27 From Table 1 , it follows that the use of the non-basic Cu20/γ-Al2O3 catalyst results in a significant amount of char (23 wt%, entry 1). On contrary, the use of basic catalysts did not lead to char formation (entries 2-6). Thus, it can be inferred that the basic sites of the hydrotalcites-derived mixed oxides play an important role in preventing char formation. The beneficial effect of bases such as NaOH during lignin conversion has been recognized before. 13, 46 The usual explanation is that the base helps to increase solubility of lignin, resulting in a better dispersion and lower probability of recombination reactions. 13, 46 The influence of base-catalyzed side-reactions such as Guerbet and esterification reactions has only been scarcely discussed. Recently, we have demonstrated that methanol and formaldehyde are effectively scavenged by reaction with ethanol. 47 The main product from the reaction between ethanol and formaldehyde is n-propanol. In this way, ethanol can effectively suppress repolymerization reactions involving formaldehyde, which can be formed in a variety of manners from the lignin structure. In line with this, the most basic Cu20MgAl(4) sample gave also the highest yield of ethanol-derived products and the lowest yield of THF-insoluble LR (8 wt%, entry 4).
Although Cu20MgO contains basic sites and produces similar Guerbet and esterification reaction products (entry 6) compared with Cu20MgAl(2) (entry 2) and Cu20MgAl(3) (entry 3), its THF-insoluble LR yield is significantly higher. We relate this to different rates of the alkylation reactions of the aromatic products, which also contribute to suppressing repolymerization reactions. 27, 47 It is reasonable to postulate that the lower alkylation activity is associated with the absence of Al. It is well known that alkylation reactions (e.g., phenol alkylation with alcohols) are catalyzed by inorganic Lewis and/or Brønsted acids such as H2SO4, AlCl3, BF3, 57 as well as solid acids such as zeolites. 58 In order to establish whether differences in the alkylation activity can explain the better performance of the hydrotalcites derived catalysts, we carried out model reactions using phenol The alkylation degree of Cu20MgO is 2.4 (Table 4 ). This value is much lower than the phenol alkylation degree using the Al-containing Cu20MgAl(y) catalysts, which had values between 3.3 and 5.4 (Table 4 ). In line with this, the Cu20MgO sample gave the lowest yield of alkylated products (48 wt%) of which more than half are mono-alkylated products (28 wt%). The Alcontaining Cu20MgAl(y) catalysts gave much higher yields of alkylated products (between 61 wt% and 69 wt%), about half of which are multi-alkylated products. The Cu20/γ-Al2O3 sample gave the highest alkylation degree of 8.1 and the highest alkylated product yield of 81 wt% (Table 4) ; the yield of multi-alkylated products is 58 wt%. Thus, the alkylation activity strongly correlates with the Al content ( Table 4 ). The higher the Al content is, the higher the degree of alkylation of phenol. Although Cu20/γ-Al2O3 has the highest alkylation activity, its performance in lignin conversion is worse than that of Cu20MgAl(4). Thus, we infer that Guerbet and esterification reactions are more important than alkylation in suppressing char formation. This emphasizes the role of formaldehyde in the condensation reactions that give rise to highmolecular weight side-products. In comparing the THF-soluble LR yields and the total yield, the THF-soluble LR yields are between 69 and 75 wt% and the total yields are between 108 and 114 wt% for the Cu20MgAl(y)
47
catalysts. The high yields of THF-soluble LR and higher than 100% total yields are due to the significant degree of alkylation of the lignin-derived products. Figure 4a shows the HSQC NMR spectrum of the THF-soluble LR obtained from the reaction over the Cu20MgAl(4) catalyst.
Significant alkylation of aromatic rings and phenolic groups is evident. A high amount of C-and O-ethylated products were formed, which proves that ethanol alkylates the lignin fragments. A significant number of cross peaks due to ester and alcohol groups are also seen, which indicates that Guerbet and esterification reactions took place between hydroxyl and aldehyde groups of the lignin fragments and ethanol. These reactions are important, because aldehyde intermediates are 22 known to play a significant role in aldol condensation reactions during lignin depolymerization. 10 For instance, Barta et al. 10 demonstrated a novel strategy to stabilize these reactive aldehyde fragments (C2-aldehyde) by reacting them with ethylene glycol to form acetals. The formation of higher molecular weight side-products was markedly suppressed in this way. The importance of these reactions in our approach is underpinned by the absence of 1 H NMR signals related to aldehyde groups in the spectrum of the THF-soluble LR obtained by reaction at 340 °C for 4 h over Cu20MgAl (4) . Consistently, very few aldehyde products were formed from ethanol conversion ( Table 3 ). These results indicate that aldehyde groups can be effectively capped by ethanol via Guerbet and esterification reactions. Figure 4b shows the NMR spectra of the THFsoluble LRs obtained from lignin conversion using Cu20/γ-Al2O3 and Cu20MgO catalysts. With Cu20/γ-Al2O3, more ethylated groups but much less ester and alcohol groups were formed as compared with Cu20MgO. This finding is consistent with the activity differences based on the yields of ethanol-derived products in lignin conversion. The low alkylation activity of Cu20MgO, on the one hand, and the low Guerbet and esterification activities of Cu20/γ-Al2O3, on the other, explain the lower THF-soluble LR yields compared with the performance data for the Cu20MgAl(y) catalysts. Thus, we attribute the promising performance of Cu20MgAl(y) catalysts in terms of high monomers yield and low yield of repolymerized products during lignin depolymerization to their high activity in Guerbet, esterification and alkylation reactions. catalysts. Cu20MgAl(4) showed slightly higher selectivity towards deoxygenated aromatics than the other Cu20MgAl(y) (y = 2, 3 and 6) catalysts. This indicates that the Cu20MgAl(4) catalyst has the highest deoxygenation activity. This is likely due to the larger amount of H2 formed (34.76 mmol) from ethanol dehydrogenation (Table S5) . Hydrogenation is needed for the direct hydrogenolysis reactions of aryl-OR bonds. In line with this, the Cu20/γ-Al2O3 catalyst, which exhibited the lowest dehydrogenation activity (7.59 mmol H2 production, Table S5 ) gave the highest selectivity towards oxygenated aromatics (~ 83% in the monomers mixture). Cu 40 MgAl (4) Cu 20 MgAl (4) Cu 10 MgAl (4) MgAl (4) Intensity (a.u.)
Cu20MgAl (4) samples all have the MgO structure. In Cu40MgAl(4), both MgO-like and CuO crystalline phases were present. The CO2-TPD profiles of the catalysts are shown in Figure 8 . The number of basic sites and basic sites densities are shown in Table 6 . The Cu-free catalyst (MgAl(4)) mainly contains medium (28 %) and strong basic sites (52 %). With increasing Cu content, the amount of strong basic sites decreases, while the amount of weak and medium basic sites increased (Table 6 ).
Consistently, the desorption peak shifted to lower temperatures ( Figure 8 ). The amount of basic (4) MgAl (4) sites was seen to increase with increasing Cu content up to 20 wt% (Table 6) Using the Cu-free MgAl(4) sample as the catalyst, the monomers yield is only 9 wt% with the major products being THF-soluble LR (42 wt%) and THF-insoluble LR (15 wt%) ( Table 7 ). The total yield in this case is 66%. We speculate that the low total yield is due to the low rates of Guerbet, esterification and alkylation reactions in the absence of Cu. Based on our experimental observations, part of the lignin fragments -likely dimers and trimers -could not be completely recovered during the acidification and filtration steps of the work-up procedure. 47 We expect that this loss will be lower when lignin has been extensively alkylated, as the heavier and more apolar compounds will be less soluble in ethanol. Consistent with this, the yield of THF-soluble LR and the total yield increased when the rates of Guerbet, esterification and alkylation reactions catalyzed by Cu were enhanced by increased Cu content. In keeping with this conclusion, the alkylation degree obtained from phenol alkylation model experiments also increased with the Cu content (Table 8) . For example, the alkylation degree of Cu40MgAl(4) is 5.9, which is significantly higher than that of MgAl(4). Besides, GC-MS results also show that significant higher yields of multi-alkylated products (42 wt%) were obtained with Cu40MgAl(4) as the catalyst as compared with MgAl(4). This implies that Cu and Al sites are both key to catalyze alkylation reactions and it is reasonable to state that these sites constitute Lewis acid sites for aromatics alkylation. The optimum Cu content is 20 wt%. Different from the monomers yield trend, the yield of THF-insoluble LR decreased with increasing Cu content ( Table 7) . This also follows from the analysis of the THF-insoluble LR by GPC ( Figure 9 ). The THF-insoluble LR obtained from reactions using MgAl(4) and catalysts. This indicates that more repolymerized products were formed with these catalysts.
Consistent with this, the least repolymerized products were formed with Cu20MgAl(4) as the catalyst ( Figure 9 ). Compared with Cu20MgAl(4), the Cu40MgAl(4) had higher alkylation activity (Table 8 ), but it yielded more repolymerized products (Table 7 and Figure 9 ). This can be explained by the lower basicity of this sample, which results in lower activity in Guerbet and esterification reactions. This conclusion is in keeping with the relatively low yield of higher alcohols and esters (Table 7 entries 2 and 4). Compared with the Cu40MgAl(4), Cu10MgAl (4) exhibited very similar activity in Guerbet and esterification reactions, but it gave higher yield of THF-insoluble LR (Table 7 entries 3 and 4). This can be related to the lower alkylation activity of Cu10MgAl(4). From phenol model reactions, we observed that the alkylation degree increased with the Cu content (Table 8) . Accordingly, we infer that Cu is pivotal to the high alkylation activity of the hydrotalcites-derived catalysts. All data considered, we can firmly conclude that lignin depolymerization strongly benefits from Guerbet, esterification and alkylation reactions, because these reactions suppress repolymerization of lignin fragments. Among these reactions, the Guerbet and esterification reactions catalyzed by basic sites are more important in suppressing repolymerization than the alkylation reaction catalyzed by Lewis acid sites. (Table S6 ).
In addition to increased H2 production, the amount of CO, CO2 and C1-C3 alkane and alkene products in the gas phase were also higher in the presence of Cu. The Cu10MgAl(4) exhibited the highest deoxygenation activity. The fraction of deoxygenated aromatics was 25%. A further increase the Cu content to 40 wt% resulted in decreasing H2 production and deoxygenation activity. This may be explained by the reduced basicity, as basic sites are involved in ethanol dehydrogenation. Based on these results, we conclude that the combination of Cu and basic sites facilitates dehydrogenation and deoxygenation/hydrogenolysis reactions. Without catalyst, the main product is char and the yield of aromatic monomers derived from lignin is very low. The combination of Cu and basic sites as well as Lewis acid sites are important for obtaining high monomers yield and low rates of repolymerization during lignin conversion. The combination of Cu and basic sites facilitate the dehydrogenation of ethanol, producing hydrogen needed for hydrogenolysis and hydrodeoxygenation reactions. This results in higher yields of monomers from lignin and also a higher fraction of deoxygenated monomer products. Cu and basic sites also catalyze Guerbet and esterification reactions, producing higher alcohols and esters from ethanol. The higher the activity of the catalyst in Guerbet and esterification reactions is, the less repolymerization products it produces. This can be linked to the scavenging of reactive species such as formaldehyde, which are involved in polymerization reactions of phenolic groups in the products. In addition, the reactive side chains such as aldehyde groups of lignin fragments are also protected by forming new ester and alcohol groups.
Such reactions suppress the repolymerization of lignin fragments into high-molecular weight products. The Lewis acid sites due to the presence of Cu and Al catalyze C-and O-alkylation reactions, which lower the reactivity of the phenolic fragments and, in this way, contribute to formation of heavy products. Guerbet and esterification reactions are more important in suppressing repolymerization and char formation than alkylation reactions. Among all evaluated catalysts, the catalyst with 20 wt% Cu derived from a hydrotalcite with a (Cu+Mg)/Al ratio of 4 exhibited the highest activity for Guerbet and esterification reaction as well as nearly optimum alkylation activity. Consistently, it gave the highest monomers yield and the least repolymerization products during soda lignin conversion. With this, we point out that base catalysts with sufficient activity for Guerbet and esterification reactions with alcohols are promising for lignin upgrading into useful aromatics.
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